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Abstract
In eukaryotic cells, nonvesicular lipid transport between organelles is mediated by lipid-transfer proteins. Recently, a new class

of these lipid transporters has been described to facilitate the bulk of inter-organelle lipid transport at contact sites by forming

bridge-like structures with a hydrophobic groove through which lipids travel. Because their predicted structure is composed

of repeating β-groove (RBG) domains, they have been named the RBG protein superfamily. Early studies on RBG proteins

VPS13 and ATG2 recognized the resemblance of their predicted structures to that of the bacterial Lpt system, which trans-

ports newly synthesized lipopolysaccharides (LPS) between the inner and the outer membranes (IMs and OMs) of Gram-

negative bacteria. In these didermic bacteria, the IMs and OMs are separated by an aqueous periplasmic compartment

that is traversed by a bridge-like structure built with β-jelly roll domains from several Lpt proteins that provides a hydrophobic

groove for LPS molecules to travel across the periplasm. Despite structural and functional similarities between RBG proteins

and the Lpt system, the bacterial AsmA-like protein family has recently emerged as the likely ancestor of RBG proteins and

long sought-after transporters that facilitate the transfer of phospholipids from the IM to the OM. Here, we review our cur-

rent understanding of the structure and function of bacterial AsmA-like proteins, mainly focusing on recent studies that have

led to the proposal that AsmA-like proteins mediate the bulk of phospholipid transfer between the IMs and OMs.
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Introduction
Gram-negative bacteria such as Escherichia coli are charac-
terized by having an envelope delimited by two concentric
membranes (Silhavy et al., 2010). The inner membrane
(IM) is a phospholipid bilayer that surrounds the cytoplasm.
The outer membrane (OM) is highly asymmetric with an
outer leaflet primarily made of lipopolysaccharides (LPS)
and an inner leaflet composed of phospholipids (Muhlradt
and Golecki, 1975; Kamio and Nikaido, 1976). This asym-
metric structure of the OM is responsible for the innate resist-
ance of Gram-negative bacteria to various antibiotics and
detergents (Nikaido, 2003). The IM and OM are separated
by an aqueous compartment known as the periplasm,
which contains many proteins and a thin cell wall composed
of peptidoglycan (Silhavy et al., 2010).

Since the synthesis of lipids and glycolipids occurs in the
IM (Osborn et al., 1972, 1974), the growth of the OM (and
therefore of Gram-negative bacteria) relies on systems that
transport these molecules across the periplasm (Figure 1).
These transport systems are thought to generate the lipid
asymmetry of the OM by specifically delivering phospholi-
pids and LPS molecules to the inner and outer leaflets of

the OM, respectively. In addition, OM phospholipids can
be somehow mislocalized to the outer leaflet of the OM,
which activates a specific pathway (Mla system) that
removes them from the cell surface and transports them to
the IM (Malinverni and Silhavy, 2009; Yeow and Chng,
2022). Thus, Gram-negative bacteria transport lipids across
the periplasm in an anterograde (IM-to-OM) fashion in
order to grow and in a retrograde (OM-to-IM) fashion to
maintain lipid asymmetry at the OM.

In essence, having an OM makes Gram-negative bacteria
face the same challenges that eukaryotic cells do with lipid
transfer between two organelles. Nevertheless, while in
eukaryotic cells lipid transport between organelles can be
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mediated by vesicular trafficking and lipid-transfer proteins,
the bacterial periplasm is too small to accommodate vesicular
transport since it has an average width of 25 nm (Asmar
et al., 2017). Therefore, IM–OM lipid transfer is mediated
by lipid-transfer proteins that facilitate two general types of
lipid transport: (1) transport mediated by soluble chaperones
that shuttle one lipid molecule at a time such as in the Mla
system for retrograde transport of phospholipids and (2)
transport mediated by long bridge-like structures that
connect the IM and OM and can accommodate multiple
lipid molecules at a time such as in the Lpt system that trans-
ports LPS (Lundstedt et al., 2021; Yeow and Chng, 2022;
Figure 1). Interestingly, the Mla and Lpt systems are ener-
gized by ATP-binding cassette (ABC) transporters to
mediate unidirectional transport against the concentration
gradient (Sherman et al., 2018; Owens et al., 2019; Low
et al., 2021; Tang et al., 2021), but the bulk of IM–OM
phospholipid transport occurs bidirectionally through diffu-
sive flow (Osborn et al., 1972; Jones and Osborn, 1977).
Furthermore, while the Lpt and Mla systems were identified

almost 2 decades ago, the transporters of phospholipids to the
OM had remained elusive until recently. In this review, we
highlight the work that has led to the proposal that some,
but not all, members of the AsmA-like protein family trans-
port phospholipids in Gram-negative bacteria between the
IM and OM. We also discuss how redundancy between
AsmA-like paralogs made their discovery difficult, and why
they have been proposed to be the ancestor of the repeating
β-groove (RBG) proteins that mediate organelle-to-organelle
lipid transport in eukaryotic cells.

Overview of Lipid Transport Mechanisms
Between the IM and OM of Gram-Negative
Bacteria
As mentioned above, the Lpt system transports newly synthe-
sized LPS from the IM to the outer leaflet of the OM (for a
recent and extensive review on Lpt, see Lundstedt et al.,
2021). This system has components (LptA-LptG proteins)

Figure 1. Lipid Transport Mechanisms Between the IM and OM of Gram-Negative Bacteria. On the left, the Lpt proteins (labeled A to G)

assemble into a bridge-like structure between the IM and OM, The Lpt system transports newly synthesized LPS unidirectionally

(represented by a dotted arrow) in an ATP-dependent process. In the middle, the Mla proteins (labeled A to F) and their partners the

trimeric β-barrel proteins OmpC or OmpF are shown. The Mla system is responsible for the retrograde transport of phospholipids from

the OM to the IM (dotted arrows) in an ATP-dependent manner. On the right, the proposed model for the bidirectional transport

(represented by a dotted double arrow) of phospholipids between the IM and OM by AsmA-like proteins. Putative partners are not shown.

Refer to the text for more details. PG marks the peptidoglycan cell wall.

Note. IM = inner membrane; OM = outer membrane; LPS = lipopolysaccharide.
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in every cellular compartment that assemble into a single
transport machine that bridges the IM and OM (Figure 1).
LPS transport starts at the IM with the LptB2CFG ABC trans-
porter, which uses ATP binding and hydrolysis to extract
LPS molecules from the outer leaflet of the IM and place
them onto the Lpt periplasmic bridge (Owens et al., 2019).
This bridge is composed of β-jelly roll domains from the
LptFCAD proteins, which assemble into a long structure that
provides a continuous hydrophobic groove that accommodates
the acyl chains of LPS molecules through the aqueous peri-
plasm (Figure 2; Okuda et al., 2012). When LPS arrives at

the β-jelly roll domain of LptD, it likely induces the lateral
opening of the β-barrel domain of LptD. This opening would
allow the translocation of LPS across the OM by having the
acyl chains of the glycolipid in the hydrophobic core of the
OM while its polysaccharide component travels through the
hydrophilic lumen of the LptD β-barrel (Botos et al., 2016).
LPS transport is unidirectional and powered against its concen-
tration gradient by the continuous extraction of LPS from the
IM by the LptB2CFG ABC transporter at the IM, which pre-
sumably creates a stream of LPS molecules along the periplas-
mic Lpt bridge (Okuda et al., 2012; Sherman et al., 2018).

Figure 2. Structural Similarity Between Periplasmic Lpt Proteins and Chorein-N Domain Containing Proteins. Cartoon and surface

representations of (A) the crystal structure of Escherichia coli LptA (PDB ID: 2R1A (Suits et al., 2008)) showing residues from 41 to 171, and

(B) the crystal structure of Chaetomium thermophilum VPS13 protein (PDB ID: 6CBC (Kumar et al., 2018)) from residue 6 to 320, containing

a Chorein-N domain. According to HHpred, AsmA-like proteins are similar up to around residue 190 (labeled). (C) Part of TamB (residues

963–1138) crystal structure from E. coli (PDB ID: 5VTG (Josts et al., 2017)), demonstrating a hydrophobic β-taco fold that resembles the Lpt

proteins. Surface representations (panels on the left) are colored according to atoms (carbons are white, oxygen is red, nitrogen is blue, and

sulfur is yellow) to highlight the hydrophobic interior of the pocket. Cartoon representations (middle and right panels) are colored from

blue at the N-terminus to red at the C-terminus. PyMOL Molecular Graphics System Version 2.5.1 (Schrödinger, LCC) was used to generate

structure images.
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The Mla system, which facilitates the retrograde transport
of phospholipids that mislocalize to the cell surface, is also
powered by an IM ABC transporter (Figure 1; Malinverni
and Silhavy, 2009; Powers and Trent, 2019; Low et al.,
2021; Lundstedt et al., 2021; Tang et al., 2021; Yeow and
Chng, 2022). However, unlike the Lpt system, Mla utilizes
a periplasmic chaperone (MlaC) that shuttles a single
phospholipid molecule from the OM lipoprotein MlaA to
the MlaD6E2F2B2 IM complex (Ercan et al., 2019).
Structurally, the Mla and Lpt systems are also very different.
The MlaA protein has a donut-like shape with a hydrophobic
central hole that is thought to allow the transit of phospholi-
pids from the outer leaflet of the OM to the periplasmic MlaC
protein (Abellon-Ruiz et al., 2017). MlaC has a hydrophobic
pocket that can accommodate the acyl chains of a phospho-
lipid molecule (Ekiert et al., 2017; Ercan et al., 2019).
After transiting through the periplasm, MlaC transfers its
cargo to MlaD, which then transfers it to a hydrophobic
pocket in the MlaE dimer of the ABC transporter (Chi
et al., 2020; Coudray et al., 2020; Tang et al., 2021).
Notably, the bacterial Mla system is orthologous to the
TGD system that transports lipids between the chloroplast
outer and inner envelope membranes (Hurlock et al., 2014).

Decades ago, it was shown that intermembrane trafficking
of the bulk of phospholipids occurs bidirectionally in
Gram-negative bacteria. Liposome fusion experiments in
Salmonella typhimurium showed that, unlike LPS, phospho-
lipids could flow bidirectionally between the IM and OM
(Osborn et al., 1972; Jones and Osborn, 1977). This diffu-
sional flow of phospholipids was proposed to occur
through zones of adhesion (known as Bayer’s junctions)
between the IM and OM because Manfred Bayer had previ-
ously identified such structures in electron micrographs
(Bayer, 1968; Osborn et al., 1972; Jones and Osborn,
1977). Pulse-labeling experiments later demonstrated that
phospholipids rapidly equilibrate between the IM and OM
in E. coli (Donohue-Rolfe and Schaechter, 1980; Langley
et al., 1982). The bidirectional lipid transfer was dependent
on the proton motive force but not on ATP or lipid synthesis.
It was then postulated that translocation might occur at IM–
OM adhesion zones and that the proton motive force might
be required for the development of these zones, or flipping
of newly synthesized phospholipids across the IM
(Donohue-Rolfe and Schaechter, 1980; Langley et al.,
1982). However, in 1990, Bayer’s junctions were proven to
be artifacts of microscopy fixation (Kellenberger, 1990),
marking the start of a long search for the phospholipid trans-
porters needed to build the OM.

Linking AsmA-Like Proteins to
Intermembrane Phospholipid Transport
After decades of searching, YhdP was the first protein to be
associated with the diffusive flow of phospholipids from the

IM to the OM (Grimm et al., 2020). Using live-cell micros-
copy, anterograde phospholipid trafficking was monitored
in an E. coli mlaA∗ mutant strain that has elevated LPS syn-
thesis because of a gain of function in MlaA (Grimm et al.,
2020). The mlaA∗ allele is dominant negative and encodes a
two-codon deletion. The resulting MlaA∗ protein does not
perform its normal function of removing mislocalized
phospholipids from the outer leaflet of the OM; instead, it
is predicted that the altered structure of the mutant protein
allows the transfer of phospholipids from the inner to the
outer leaflet of the OM (Sutterlin et al., 2016). This mislo-
calization of phospholipids triggers a response that
increases LPS synthesis. Since LPS only makes the outer
leaflet of the OM, phospholipid transfer to the OM is also
increased in this mutant. Because LPS and phospholipid
synthesis share a common precursor, this mutant lyses at
a high rate upon entering a stationary phase of growth
because lipid synthesis decreases as nutrients become
scarce. Specifically, when mlaA∗ cells enter the stationary
phase, the high rate of LPS transport demands a level of
phospholipids transport to the OM that is higher than
their synthesis at the IM, which leads to the lethal shrinking
of the IM. A Tn-Seq screen for delayed death of mlaA∗

mutants during the stationary phase identified YhdP. In
yhdP mlaA∗ mutants, the IM-to-OM flow of phospholipids
was shown to be decreased, implicating YhdP in antero-
grade phospholipid transport across the Gram-negative
envelope (Grimm et al., 2020).

YhdP belongs to the Pfam AsmA-like protein clan
CL0401 and, for unknown reasons, is necessary for maintain-
ing the barrier function of the OM (Sonnhammer et al., 1997;
Mitchell et al., 2017; Mitchell et al., 2018). Interestingly, E.
coli encodes six AsmA-like paralogs (YhdP, TamB, YdbH,
AsmA, YicH, and YhjG) that vary in size but share a
common predicted structure (Figure 3). The founding
member of this family, AsmA, was identified genetically
because its loss suppresses defects in the folding of OM
β-barrel proteins (Misra and Miao, 1995). Although its func-
tion is yet to be determined, loss of AsmA changes OM lipid
homeostasis by decreasing LPS levels (Deng and Misra,
1996). Another paralog, TamB, was also initially linked to
OM β-barrel protein assembly. TamB forms complexes
with Omp85-family OM proteins BamA, TamA, and
TOC75 in various bacteria and chloroplasts (Iqbal et al.,
2016; Chen et al., 2018; Stubenrauch and Lithgow, 2019).
Omp85-family proteins fold and insert β-barrel proteins
into the OM of Gram-negative bacteria, mitochondria, and
chloroplasts (Gentle et al., 2004; Gross et al., 2021).
Accordingly, earlier studies proposed a role for the transloca-
tion and assembly module (composed of TamA and TamB)
complex in the assembly of a subset of OM β-barrel proteins
(Stubenrauch et al., 2016; Josts et al., 2017; Bialer et al.,
2019). However, the role of TamB in OM protein biogenesis
has been challenged by multiple studies (Gallant et al., 2008;
Azari et al., 2013; Yu et al., 2017; Bernstein, 2019).
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Architecture of AsmA-Family Proteins
AsmA-like proteins are conserved in didermic bacteria, mito-
chondria, and chloroplasts (Levine, 2019; Zhang et al.,
2019). Bacterial AsmA-like proteins are anchored to the
IM by an N-terminal α-helix and have a large periplasmic
domain (Figure 3). Initial bioinformatic analyses on the peri-
plasmic region identified a 100–150-residue Chorein-N
domain followed by an AsmA-like domain of variable
length among paralogs (Levine, 2019). Since (1)
Chorein-N domains exist in eukaryotic lipid-transfer proteins
VPS13 and ATG2 (Figures 2B and 3; McEwan and Ryan,
2022), (2) AsmA-like domains were predicted to be

composed of repeats of β-taco domains with a structure
similar to the β-jellyroll domains of the periplasmic Lpt
bridge (Figures 2 and 3; Josts et al., 2017), and (3) YhdP
affected anterograde phospholipid transport in cells (Grimm
et al., 2020), AsmA-like proteins became candidates for
IM–OM lipid transporters.

To date, only a fragment of E. coli TamB containing
C-terminal amino acids 963–1138 has been crystallized,
revealing a structure with a β-groove with a hydrophobic
interior (Figure 2C; Josts et al., 2017). However,
AlphaFold predicts that all six E. coli paralogs form a long
bridge-like structure of various lengths and superhelicity
that contains a hydrophobic groove resembling that of

Figure 3. Predicted Structures of Six AsmA-Like Proteins in Escherichia Coli. (A) Cartoon representations of AlphaFold’s model structures

for TamB, YhdP, YdbH, YhjG, AsmA, and YicH (Jumper et al., 2021). Each AsmA-like protein contains a transmembrane helix at the

N-terminus (in green) predicted to serve as their IM anchor, a periplasmic Chorein-N domain (in blue), and a periplasmic AsmA-like domain

(in orange). The approximate length of the periplasmic region for each AsmA-like protein was estimated using PyMOL and shown. At the

top of TamB’s predicted structure, the crystal structure of its partner TamA from E. coli (PDB ID: 4C00 (Gruss et al., 2013)) is shown (in

magenta) along with the estimated length of its periplasmic domain. (B) Surface representations of AsmA-like family proteins. Their

periplasmic domains form a groove-like structure lined with hydrophobic amino acids (shown in orange). PyMOL Molecular Graphics

System Version 2.5.1 (Schrödinger, LCC) was used to generate structure images.
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eukaryotic RBG lipid-transfer proteins (Figure 3; Jumper
et al., 2021; Neuman et al., 2022). Notably, while the struc-
ture of RBG domains, five antiparallel β-strands and a loop,
is generally conserved in eukaryotic RBG proteins, the
number of β-strands is more variable in the repeats found
in AsmA-like proteins. Based on the similarities of their pre-
dicted structures and function (discussed below), AsmA-like
proteins have been proposed to be the ancestors of eukaryotic
RBG proteins (Neuman et al., 2022).

Functional Analyses of AsmA-Like Proteins
Since YhdP was a candidate phospholipid transporter but not
essential for OM biogenesis (Mitchell et al., 2017, 2018;
Grimm et al., 2020), it was important to test if YhdP was
functionally redundant with any of the other five
AsmA-like paralogs that E. coli encodes. An in-depth func-
tional characterization of AsmA-like proteins indeed
revealed that the three largest paralogs (YhdP, TamB, and
YdbH) are redundant in performing a function that is essen-
tial for growth and OM lipid homeostasis in E. coli (Ruiz
et al., 2021; Douglass et al., 2022). In contrast, the additive
effects in OM permeability observed when introducing a
deletion allele of asmA into either a ΔyhdP or ΔtamB
mutant demonstrated that AsmA functions independently of
YhdP and TamB (Ruiz et al., 2021). To date, there are no
clues as to the function of YicH and YhjG.

Functional redundancy between YhdP and TamB was
revealed by strong synthetic defects observed when combin-
ing the ΔtamB and ΔyhdP alleles (Ruiz et al., 2021; Douglass
et al., 2022). Unlike the single mutants, a ΔtamB ΔyhdP
double mutant exhibits severe defects in envelope-related
phenotypes such as OM permeability, cell shape, and
increased tendency to lyse. Interestingly, lysis of ΔtamB
ΔyhdP cells could be fully suppressed when two systems
that normally remove mislocalized phospholipids from the
cell surface (the Mla system and the PldA lipase) were elimi-
nated (Ruiz et al., 2021). Thus, in the absence of YhdP and
TamB, E. coli grows significantly better if it also lacks
systems that remove phospholipids from the OM. These
results linked YhdP and TamB to OM lipid homeostasis
and agreed with the idea that YhdP and TamB transport phos-
pholipids to the OM.

If YhdP and TamB transport phospholipids to the OM, E.
coli must have at least one additional redundant system since
the OM is essential for growth. Genetic suppressor analyses
identified the redundant system, the AsmA-like paralog
YdbH (Ruiz et al., 2021). Specifically, gain-of-function
alleles of ydbH suppressed OM defects in the ΔtamB
ΔyhdP double mutant. Redundancy between TamB, YhdP,
and YdbH was further supported by the synthetic lethality
caused by their combined loss (Ruiz et al., 2021; Douglass
et al., 2022). In fact, TamB, YhdP, or YdbH, are the only
AsmA-like paralogs to be individually sufficient for support-
ing the growth of E. coli but are not equivalent since their loss

confers different phenotypes (Ruiz et al., 2021). Although we
lack a direct biochemical demonstration of function,
32P-labeled phospholipids accumulated in the IM when
YhdP was depleted in a ΔydbH ΔtamB double mutant
(Douglass et al., 2022). Together, the aforementioned in
vivo studies, predicted structures of AsmA-like proteins,
and their similarities with eukaryotic RBG proteins support
that TamB, YhdP, and YdbH are redundant and directly
facilitate anterograde transport of phospholipids between
the IM and OM.

Functional Partners of AsmA-Like Proteins
The eukaryotic lipid-transfer proteins VPS13 and ATG2
facilitate the bulk transfer of lipids between organelles at
membrane contact sites (Valverde et al., 2019; Leonzino
et al., 2021; Noda, 2021; Adlakha et al., 2022). These pro-
teins interact with peripheral and/or integral membrane pro-
teins at both membranes and function in collaboration with
lipid scramblases (Ghanbarpour et al., 2021; Adlakha et al.,
2022). As noted above, TamB physically interacts with
OM β-barrel partners of the Omp85 family in bacteria
(BamA or TamA) and chloroplasts (TOC75; Iqbal et al.,
2016; Chen et al., 2018; Stubenrauch and Lithgow, 2019).
This interaction is functionally relevant since the loss of
either TamB or TamA results in the same phenotypes in E.
coli (Ruiz et al., 2021). In agreement, TamB’s predicted
structure suggests that it is too short to bridge the periplasm
on its own but could do so in a complex with TamA
(Figure 3A). However, whether TamA is solely anchoring
TamB to the OM or providing additional functional
support remains untested. In contrast, even though each
TamB and YhdP has approximately 1,260 residues, the
superhelicity of YhdP is predicted to be significantly lower
than that of TamB, making YhdP’s predicted structure long
enough to span the periplasm (Figure 3A). YdbH, on the
other hand, only has 869 residues and is predicted to need
a partner to reach the OM. Future work should therefore
focus on identifying putative physical partners of
AsmA-like proteins.

Model for Phospholipid Transport by AsmA-Like
Proteins
Our current model suggests that TamA-TamB, YhdP, and
YdbH form bridge-like structures that mediate the diffusional
flow of phospholipids between the IM and OM (Ruiz et al.,
2021; Douglass et al., 2022). The hydrophobic groove that
runs along their predicted structures likely shields fatty
acids of multiple phospholipids as they pass through the peri-
plasm, akin to how the Lpt bridge functions in LPS transport
between the IM and OM. However, TamB, YhdP, and YdbH
are predicted to facilitate the bidirectional diffusive flow of
phospholipids instead of the unidirectional LPS transport
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by Lpt (Figure 1). Although the nature of the functional
redundancy between TamB, YhdP, and YdbH remains
unknown, it explains why the mechanism for, and factors
involved in the bulk of phospholipid transfer between the
IM and OM transport were difficult to identify for so long
despite significant advances made in the identification and
characterization of factors involved in the biogenesis of
other envelope components.

Conclusions and Future Directions
Recent studies have made significant advancements in our
understanding of intermembrane phospholipid transport
between the IM and OM in Gram-negative bacteria. An
important knowledge gap has been bridged and many funda-
mental questions have emerged. Why E. coli and many other
bacteria encode functionally redundant AsmA-like proteins
is unknown. Do variations in expression, cargo preference,
and/or cellular localization explain this redundancy? What
drives transport? Do they function bidirectionally? What pro-
teins, if any, are their functional partners? Do they interact at
the IM with lipid scramblases and floppases or with the
machinery involved in lipid synthesis? How can YdbH sub-
stitute for the larger TamB and YhdP proteins? How is their
function coordinated with other envelope biogenesis factors
to ensure the balanced growth of different envelope layers?
These questions together with biochemical research aiming
to test their interaction with lipids and reconstituting their
function need to be addressed so that we can understand
their essential function in bacterial physiology.
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